An assay technology for high-throughput screening of kinase and phosphatase activities is introduced. The format is based upon superquenching of fluorescent-conjugated polymers by dyelabeled kinase͞phosphatase peptide substrates. The sensor platform is composed of highly fluorescent-conjugated polyelectrolytes colocated with the phosphate coordinating metal ion gallium on microspheres. Phosphorylated peptide substrates containing a quencher bind specifically to the metal ions by means of phosphate groups, resulting in quench of polymer fluorescence. The modulation of fluorescence signal is proportional to kinase or phosphatase activity and is monitored as a turn-off or turn-on signal, respectively. The assay is homogeneous and simple and can be run either as an endpoint measurement or in a kinetic mode. The assay meets the sensitivity required for high-throughput screening of kinase or phosphatase inhibitors and is a valuable tool for drug discovery. A modified version of the assay allows for the detection of protein phosphorylation. P hosphorylation and dephosphorylation of proteins by kinase and phosphatase enzymes mediate the regulation of cellular metabolism, growth, differentiation, and proliferation (1-3). Aberrations in kinase and phosphatase activities can lead to inflammation and diseases such as cancer (4, 5). More than 500 kinases and phosphatases are thought to be involved in the regulation of cellular activity and are possible targets for drug therapy (6). Of the kinases, Ϸ90% phosphorylate serine residues, 10% threonine, and 0.1% tyrosine residues (7). Although it has become possible to develop anti-phospho-tyrosine antibodies (8), those against phospho-serine and threonine residues are of low affinity and are often specific to only one kinase (9). Currently, non-antibody-based high-throughput screening (HTS) assays are based on methods such as time-resolved fluorescence (TRF) (10), fluorescence polarization (FP) (11-13), or fluorescence resonance energy transfer (FRET) (14). These assays require specialized equipment and͞or suffer from low fluorescence intensity change as a function of enzyme activity and generally cannot be used to detect phosphorylation of natural, chemically unmodified protein substrates. The use of native substrates is attractive because inhibitor screens may yield novel inhibitors that affect the enzyme docking site, which can be at a site distant from the active site.
P
hosphorylation and dephosphorylation of proteins by kinase and phosphatase enzymes mediate the regulation of cellular metabolism, growth, differentiation, and proliferation (1) (2) (3) . Aberrations in kinase and phosphatase activities can lead to inflammation and diseases such as cancer (4, 5) . More than 500 kinases and phosphatases are thought to be involved in the regulation of cellular activity and are possible targets for drug therapy (6) . Of the kinases, Ϸ90% phosphorylate serine residues, 10% threonine, and 0.1% tyrosine residues (7). Although it has become possible to develop anti-phospho-tyrosine antibodies (8) , those against phospho-serine and threonine residues are of low affinity and are often specific to only one kinase (9) . Currently, non-antibody-based high-throughput screening (HTS) assays are based on methods such as time-resolved fluorescence (TRF) (10) , fluorescence polarization (FP) (11) (12) (13) , or fluorescence resonance energy transfer (FRET) (14) . These assays require specialized equipment and͞or suffer from low fluorescence intensity change as a function of enzyme activity and generally cannot be used to detect phosphorylation of natural, chemically unmodified protein substrates. The use of native substrates is attractive because inhibitor screens may yield novel inhibitors that affect the enzyme docking site, which can be at a site distant from the active site.
We sought to enhance sensitivity in the measurement of enzymatic activity by amplifying the fluorescence signal using superquenching (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . This phenomenon has been described in several reports and is based on the finding that photoluminescence of conjugated polymers and related polymeric ensembles can be quenched by means of energy and͞or electron transfer to small molecule quenchers (15) (16) (17) 22) . In previous studies, it was found that one quencher molecule can quench the photoluminescence of up to several hundred polymer repeat units (25) (26) (27) .
Our sensor platform comprises a modified anionic polyelectrolyte poly(p-phenylene-ethynylene) (PPE) derivative, 1 (Fig.  1) , which exhibits photoluminescence with high quantum efficiency. Di-or trivalent metal ions can strongly associate with anionic conjugated polymers in solution, occasionally resulting in modification and͞or quenching of polymer fluorescence. Because the overall charge on a polymer-microsphere ensemble can be tuned (18, 22) , we constructed a platform whereby Ga 3ϩ could associate with the polymer without strongly quenching the polymer fluorescence and yet retaining the ability to complex with specific ligands. It has long been known that trivalent metal ions, when complexed with specific coordinating ligands, can selectively bind to phosphates on protein and peptide substrates (28) . We found that Ga 3ϩ -associated PPE that was immobilized by absorption onto positively charged microspheres retains the ability to complex phosphorylated peptides and proteins. When the peptide contains an appropriate dye, such as a rhodamine derivative, a metal ion-mediated polymer superquenching occurs. This finding provides the basis for sensitive and selective kinase͞phosphatase assays using labeled peptide substrates as illustrated in Fig. 2 , as well as for kinase assays using unmodified protein as substrates (Fig. 3 ). As will be described, the assay shown in Fig. 2 can be carried out at near physiological pH and allows flexibility in constructing kinetic or endpoint assays. These peptide-based assays are homogenous, ''mix and read'' and require no wash steps or complex sample preparation steps. Here, we demonstrate the development of robust assays for the measurement of protein kinase A (PKA) and protein tyrosine phosphatase 1B (PTP-1B) enzyme activities. The PKA assay routinely delivers ZЈ values (29) of 0.94 and Z factors of 0.84 at substrate conversion of 10%. The ZЈ value for the fluorescence superquenching-based PTP-1B assay is 0.87 and a Z factor of 0.85 can be obtained at 50% substrate conversion. Although assays using unmodified protein substrates (Fig. 3) require an additional step, these are attractive in that they greatly extend the range of superquenching-based kinase and phosphatase assays.
Materials and Methods
Materials. The following peptides were used as enzyme substrates and as phosphopeptide calibrators. For detection of PKA activity, rhodamine-LRRASLG and the calibrator peptide rhodamine-LRRA(pS)LG were synthesized by Anaspec (San Jose, CA). For detection of phosphatase activity, rhodamine-KVEKIGEGT(pY)GVVYK-NH 2 and the calibrator peptide rhodamine-KVEKIGEGTYGVVYK-NH 2 were synthesized by American Peptide Company (Sunnyvale, CA).
Recombinant PKA was purchased from Promega. Enzyme PTP-1B, as well as inhibitor RK-682, was from Biomol (Plymouth Meeting, PA). The PKA inhibitor staurosporine was purchased from Sigma. PKC␣ was from Promega, and protein substrate myelin basic protein (MBP) was from Upstate (Charlottesville, VA). Polystyrene amine functionalized microspheres were obtained from Interfacial Dynamics (Portland, OR). GaCl 3 , 99.999% (metals basis) was obtained from Alfa Aesar (Ward Hill, MA; packed under nitrogen).
Microsphere-Based Polymer Sensors. The structure of the polymers are shown in Fig. 1 . The synthesis of 1 ( Fig. 1 ) has been described in previous publications (20, 21) . The polymers were used to coat microspheres according to the following procedure: quaternary amine latex microspheres (8.2 ϫ 10 12 ) of 0.6-m diameter (Interfacial Dynamics) were suspended in water. To this suspension, 2.52 mol of 1 were added, and the mixture was allowed to stir at Ϸ25°C for 2 h. The coated microspheres were then washed with water and concentrated. The microspheres were further washed with Mes buffer (50 mM, pH 5.5, 0.2% Germall Plus, 50 ppm Triton X-100) and resuspended. GaCl 3 was added to the spheres, and the suspension was stirred for 1 h. † The coated spheres were washed with 800 ml of Mes buffer, concentrated to Ϸ15 ml and suspended.
Methods. The performance of the sensor was determined by adding 15 l of a 1-M peptide solution (either rhodaminephosphopeptide or rhodamine-non-phosphopeptide) in assay buffer to 15 l of sensor in detector buffer 1 (100 mM Mes͞250 mM NH 4 Cl, pH 5.5). The fluorescence of the mixture was measured by using a SpectraMax Gemini XS plate reader (Molecular Devices) in well-scan mode, using an excitation wavelength of 450 nm with a 475-nm cutoff filter and an emission readout at 490 nm.
Kinase and phosphatase experiments were performed in wells of white Optiwell 384-well plates (PerkinElmer) in a total volume of 15 l. PKA assays were performed in assay buffer (50 mM Tris⅐HCl, pH 7.4͞10 mM MgCl 2 ͞0.1 mg/ml BSA͞0.2% wt/vol sodium azide with a final ATP concentration of 6.5 M) † Solid GaCl3 was dissolved in buffer at pH 5.5; it is reported (30 -32) that aqueous solutions of Ga(III) are subject to hydrolysis and may exist as various polymeric gallium-oxo-species. It is therefore not possible to specify the exact gallium species that associates with the sensor. by using 1 M peptide substrate. For detection of PTP-1B activity, reactions were performed in assay buffer (50 mM Tris⅐HCl, pH 7.4͞10 mM MgCl 2 ͞0.1 mg/ml BSA͞0.2% wt/vol sodium azide) using 0.5 M substrate. For endpoint assays, 15 l of quencher-tether-ligand (QTL) sensor in detector buffer 1 was added after a 1-h or 30-min incubation with kinase or phosphatase, respectively. For kinetic assays, sensor in detector buffer 2 (100 mM Hepes͞250 mM NH 4 Cl, pH 7.0) was added to the enzymatic reaction mixture. Calibrator solutions contained 0, 5, 10, 25, 50, 75, and 100% phosphopeptide and were normalized for dye content with the appropriate amounts of nonphosphopeptide in assay buffer. Each assay point was run in triplicate, and relative fluorescence units (RFUs) of the samples were converted to percentage phosphorylation or dephosphorylation by using the software SOFTMAX (Molecular Devices).
An assay for the detection of unmodified protein and peptide substrates was developed, which is based on ''blocking'' of dye-labeled phosphopeptide binding to PPE-coated microspheres by the phosphorylated protein myelin basic protein (MBP). The assay was carried out in three steps. (i) MBP (1 g; Upstate) was phosphorylated with PKC␣ (Biomol) in a 15-l reaction containing assay buffer [20 mM Hepes, pH 7.4͞5 mM MgCl 2 ͞0.1 mM CaCl 2 ͞0.1 mg/ml 1,2-dioleoyl-sn-glycerol (Avanti Polar Lipids)͞0.02 mg/ml phosphatidylserine (Avanti Polar Lipids) in 0.2% wt/vol sodium azide]. ATP was used at a final concentration of 50 M. (ii) The phosphorylated protein was then incubated with 50 ϫ 10 6 sensor microspheres for 10 min at Ϸ25°C. (iii) A rhodamine-labeled phosphorylated ''tracer'' peptide was added at a final concentration of 1 M followed by a further incubation for 10 min at Ϸ25°C. Emission was read at 490 nm with excitation of 450 nm (475-nm cutoff filter).
Results and Discussion
The polymer 1 (Fig. 1 ) was chosen as a sensor for kinase͞ phosphatase assays based on the observation that di-or trivalent metal ions can strongly associate with anionic PPE in solution. We observed no quench of emission when GaCl 3 in a concentration of 340 M was added to a microsphere solution, which was coated with 1. At higher concentration of GaCl 3 , some quenching occurs, the source of which is under investigation. † However, when using the optimal concentration of GaCl 3, we found that rhodaminelabeled phosphopeptides provided a strong quench of polymer fluorescence whereas little modulation of fluorescence was observed when nonphosphorylated rhodamine-labeled peptides were used. Fig. 4 (Fig. 5) .
We anticipated that the association of phosphorylated peptides to the surface of the microspheres would be mediated by means of specific interaction of phosphate groups with Ga 3ϩ , which was expected to be complexed with the carboxylic acid residues present on the polymer (Fig. 1, 1) . To test the specificity of the associations between phosphate to Ga 3ϩ and Ga 3ϩ to carboxylic acid, we coated microspheres with polymer of a similar PPE backbone as 1 (Fig. 1) but that lacked the carboxylic functionalities (2; Fig. 1 ). As further controls, microspheres were coated with either 1 or 2 but not charged with Ga 3ϩ . We found that only in the presence of carboxylic acid moieties and only in the presence of Ga 3ϩ does a quench of fluorescence emission occur. The binding of phosphopeptide to Ga 3ϩ -coated fluorescent polymer microspheres could be only partially competed (19%) by simultaneous addition of a 10,000-fold excess of phosphopeptide of the same sequence, but lacking the rhodamine dye, indicative of a synergistic effect of rhodamine on the kinetic association of phosphopeptide with the sensor. As will be developed below, when a non-dye-labeled phosphorylated protein is added to the sensor first, followed by subsequent addition of a dye-labeled phosphopeptide (''tracer''), a blocking of the fluorescence quenching is observed. The stability of the rhodamine-phosphopeptide-Ga 3ϩ complex was not affected by substances such as 10% MeOH, 10% acetonitrile, or 10% DMSO, by inorganic salts, or by surfactants, and only high concentrations of ATP (670 M) interfered with quenching, to a degree of 20% or less.
These findings provided the basis for developing a sensitive and selective kinase͞phosphatase assay. As shown in Fig. 2 , assays were developed by using synthetic substrates with an N-terminal quencher. Upon phosphorylation of the substrate, the peptide associates to the sensor by means of the phosphate groups and quenches its fluorescence. Because the metal-ion coordinating groups specifically bind to phosphates, the detection of phosphorylated serine, threonine, or tyrosine residues is equally enabled. In this article, we report fluorescent superquenching-based assays for serine and tyrosine kinases, namely PKA and PTP-1B. The superquenching-based assay provides a general platform and has successfully been used to develop a number of kinase assays not reported here [Akt1, Rsk2 (34), Src, Msk1, p38SAPK and PKC␣]. The lengths of these substrates ranged from 7 aa to 15 aa, and their charges varied between 2 Ϫ to 5 ϩ at pH 6.0. No dependency of substrate length or amino acid sequence on the performance of these assays has been observed. The proximity, but molecular separation, of the QTL quencher (substrate) and sensor (PPEcoated microspheres) affords advantages over simple intramolecular FRET peptides in which quench is highly dependent on the distance between the donor and acceptor. Fig. 6a shows an endpoint measurement of PKA enzyme after conversion of RFU to substrate phosphorylation. A kinetic assay for PKA that includes the detector mix as part of the enzymatic reaction is shown in Fig. 6b . In this assay, Ga 3ϩ associates to its ligand at near physiological pH and thus allows researchers the flexibility in performing kinetic or endpoint assays. The sensitivity of the superquenching-based PKA assay was tested by using a known inhibitor of PKA activity, staurosporine. The IC 50 (inhibitor concentration that reduces the enzyme activity by 50%) obtained by using 1 M substrate in a reaction with 6.5 M ATP and 4.5 milliunits (mU) PKA was 3.1 nM (Fig. 7 ) and compares well with published values (18 nM) (35) .
The format was tested for detection of PTP-1B activity by using a peptide substrate of different length and sequence than the one used for PKA. Fig. 8a shows an enzyme concentration curve measured as an endpoint assay that delivered an EC 50 (enzyme concentration at which 50% substrate is converted) of 670 mU. The assay performs well in a kinetic format (Fig. 8b ), but with a higher requirement of enzyme than necessary relative to endpoint assays. This result may be due to absorption of enzyme to the surface of the microspheres; however, other factors may play a role. An inhibitor curve of PTP-1B activity with the known inhibitor RK-682 (Fig. 9) yields an IC 50 of 34 M, which compares well with reported values of 40 M (36).
The statistical parameters of the PKA and PTP-1B assays were determined by evaluating known amounts of phosphopeptide calibrator peptide in replicates of eight. The ZЈ values shown in Table 1 are high (0.94 and 0.87 for PKA and PTP-1B, respectively). The Z factors, which represent ZЈ at defined substrate conversions (29) , are high for the turn-off (kinase) assay (0.84 at 5% substrate conversion) because a phosphorylation takes effect in the first, steep portion of the calibrator curve (Fig. 5) . In contrast, the PTP-1B turn-on assay monitors dephosphorylation in the late portion of the calibrator curve and requires 50% substrate conversion to deliver a Z factor of 0.85. 
Blocking Assay for Kinase-Mediated Phosphorylation of Unmodified
Protein Substrate. Metal ion-mediated f luorescence superquenching can be adapted for measuring kinase activity on unmodified proteins and peptides. These assays are based on the premise that phosphorylated proteins can bind to the Ga 3ϩ -coated fluorescent polymer microspheres and block subsequent binding of a dye-labeled phosphopeptide ''tracer'' such as rhodamine-labeled phospho-pseudosubstrate. The basis of this twostep assay is shown schematically in Fig. 3 . The assay results in fluorescence turn-on because the blocking inhibits binding of the tracer and thus increases in fluorescence correlate to increasing phosphorylation of unmodified substrate. By using this platform, MBP, a small (18.4 kDa) protein, was used as a substrate for phosphorylation with PKC␣. As shown in Fig. 10 , a fluorescence turn-on occurs as a function of enzyme concentration. The EC 50 was 300 pg of PKC␣ enzyme compared with 20 pg by using an artificial peptide substrate. The lower sensitivity in this blocking assay, as compared with the peptide-based superquenching assay, may be attributed to inefficient blocking of tracer by the bound phosphorylated protein or by differential affinity of the phospho-protein and tracer or a combination thereof.
The detection of kinase activity on natural unmodified protein substrates offers several advantages over using peptide substrates, whether labeled or unlabeled. Of the 518 known human kinases (or 2,500 isoforms), peptide substrates have been established for only Ϸ20% of kinases whereas target proteins are identified in most cases (37) . Some enzymes require noncontiguous amino acid sequences of a target for effective substrate recognition and binding, in which case an artificial peptide sequence cannot be constructed even if the participating amino acids are identified. The ''blocking'' approach offers the additional advantage that protein substrates do not require chemical modification and one generic quencher-labeled tracer may be used for any target kinase.
Comparison of the Peptide-Based Superquenching PKA Assay with
Other Kinase Assays. The performance of the peptide-bound superquenching-based PKA assay was compared with a commercially available FRET assay (38) , an ATP consumption assay (39) , and an iron-based quenching assay (40) . The superquenching-based PKA assay was equal to the FRET assay and superior to the iron-based quenching assay and luciferase assays in terms of sensitivity. In contrast to the luciferase assay, the superquenching-based PKA assay performs well, with ATP concentrations of up to 1 mM, allowing researchers to study ATP site-specific inhibitors and to detect activities of enzymes, which require higher concentrations of ATP. Advantages of a direct assay over coupled enzymatic assays such as FRET and luciferase assays are that direct assays are less complex to perform and substrate sequences are not required to be recognized by both enzymes. Additionally, the number of false positives using a direct assay in high-throughput screening-screens is reduced because an inhibitory effect can be attributed to inhibition of the kinase only and not to secondary enzyme.
The superquenching-based assay allows for conversion of RFU to substrate phosphorylation by using calibrator peptides. The biphasic signature of the calibrator curve (Fig. 5 ) makes this a requirement to obtain correct EC 50 and IC 50 values. The excitation and emission wavelengths optimal for this assay may cause nonspecific fluorescence from compounds present in high-throughput screening libraries; however, interferences of chromogenic substances and compounds can be subtracted by introducing a ''no enzyme control.''
Summary
In this article, we report a robust fluorescent polymer superquenching assay that offers advantages over antibody-based assays and performs well compared with other non-antibody assays reported recently. Some of these features are high tolerance to ATP and acidic substrates and low nonspecific binding of phosphate species, such as phosphodiesters. The platform described is unique and yet general for a host of kinases, phosphatases, and proteases. The platform of metal ion-mediated fluorescence superquenching is amenable to detection of protein phosphorylation and shows promise as a basis for a wide range of bioassays, including DNA hybridization and protein-protein assays.
We thank Dr. Sriram Kumaraswamy for helpful comments and suggestions and Dr. Troy Bergstedt and Mr. Matt Kofke for preparation of the fluorescent sensor. Fig. 10 . Enzyme concentration curve for MBP was performed by using 1 g of MBP protein and varying amounts of PKC␣ enzyme for 60 min at 25°C. Sensor was added for 15 min at room temperature, and tracer was added at a concentration of 1 M for 15 min. Curve fitting was performed by using GraphPad PRISM sigmoidal dose-response (variable slope) software. Fig. 9 . Inhibition of PTP-1B activity using inhibitor RK-682. The concentrations of substrate and enzyme were 0.5 M and 650 mU, respectively. Curve fitting was performed by using GraphPad PRISM sigmoidal dose-response (variable slope) software. Na, not applicable; S͞N, Signal to Noise; % CV, coefficient of variation; S͞B, signal to background; SW, signal window.
